H emorrhagic and ischemic stroke in the setting of chronic cocaine abuse 1 " 6 are frequently attributed to the drug's sympathomimetic properties. By a variety of mechanisms, perhaps most prominently by its ability to interfere with reuptake of norepinephrine by sympathetic nerve endings, 7 -8 cocaine causes vasoconstriction. Thus, systemic administration of cocaine is followed by a sharp increase in peripheral vascular resistance and acute hypertension.
H emorrhagic and ischemic stroke in the setting of chronic cocaine abuse 1 " 6 are frequently attributed to the drug's sympathomimetic properties. By a variety of mechanisms, perhaps most prominently by its ability to interfere with reuptake of norepinephrine by sympathetic nerve endings, 7 -8 cocaine causes vasoconstriction. Thus, systemic administration of cocaine is followed by a sharp increase in peripheral vascular resistance and acute hypertension. 9 - 10 Authors have speculated that the acute hypertension contributes to intracranial hemorrhage 156 and that local vasoconstriction contributes to cerebral ischemia. 24 -6 These hypotheses are attractive, but more data are needed. Although cocaine clearly leads to peripheral vasoconstriction 7 ' 8 and preliminary data suggest that the same may be true of cerebral vessels, 1112 it has long been known that the responses of cerebral and peripheral vessels are not necessarily the same. 13 The present study was designed to examine the hypothesis that cocaine causes concentration-dependent changes in the caliber of large and small cerebral vessels in vivo by examination of the effects of topical cocaine on the diameter of pial arterioles in anesthetized cats.
Materials and Methods
We studied 29 cats of either sex weighing 3.2-4.3 kg. The cats were initially anesthetized with 30 mg/kg i.p. sodium pentobarbital. Catheters were placed into a femoral vein to administer drugs and fluid and into a femoral artery to measure arterial blood pressure and to sample arterial blood for blood gas tensions, pH, and glucose concentration. The trachea was cannulated, and the cats were paralyzed with 0.1 mg/kg pancuronium bromide and mechanically ventilated using a Harvard ventilator (South Natick, Mass.). Ventilatory rate and tidal volume were adjusted to maintain Paco 2 at 30-40 mm Hg, and supplemental oxygen was used to maintain Pao 2 above 100 mm Hg. Anesthesia was maintained with continuous intravenous infusion of 0.05-0.1 mg/kg/ min sodium pentobarbital. Rectal temperature was maintained at 37-38.5° C with a servo-controlled heating pad.
A closed cranial window was employed to visualize the pial microcirculation.
14 After retraction of the scalp, we performed a craniotomy immediately caudal to the coronal suture. The dura was reflected over the bony rim. Bleeding from the cut edges of the dura was controlled by crushing dural vessels with microforceps. An 18-mm-diameter window consisting of a metal ring fitted with a glass coverslip was centered over the craniotomy and secured with bone wax and dental acrylic. After the space beneath the window was filled with artificial cerebrospinal fluid (CSF), connected to three ports in the metal ring. One catheter was attached to a reservoir of artificial CSF for adjustment of intracranial pressure (ICP), another was used for intermittent monitoring of ICP, and the third was used for perfusion of artificial CSF or cocaine solution. The height of the reservoir was adjusted to maintain the pressure under the window at 5-8 mm Hg.
Cocaine hydrochloride (Sigma Chemical Co., St. Louis, Mo.) was dissolved in artificial CSF to make a fresh 10~3 M solution for each experiment; this stock solution was used for making lower concentrations of cocaine (1CT Approximately 30 minutes after the establishment of the cranial window, two baseline measurements of microvascular diameter were made with an optical image splitter (Vickers, England) attached to a dissecting microscope (Wild, Heerbrugg, Switzerland). We measured the diameters of 3-12 arterioles in each cat. Constant perfusion of artificial CSF equilibrated with the above gas mixture was started at 0.2-0.3 ml/min, and the measurements were repeated. Freshly prepared cocaine solution or vehicle (artificial CSF) was then infused at a constant flow rate of 0.2-0.3 ml/min. Because the volume under the window was 0.3-0.4 ml, the turnover rate was approximately once per minute. After 30 minutes, vessel diameters were measured again. The window was then flushed with artificial CSF for 30 minutes. The measurements were repeated; a second solution was injected, and after 30 minutes the measurements were repeated again. Two or three solutions were tested in each cat. To avoid bias, the investigator making the measurements was blinded to the composition of the infusate. Preliminary studies had shown that cocaine concentrations of 10" 3 M produced irreversible vasodilation, microhemorrhages, and brain edema. Therefore, this and higher concentrations were not studied. Furthermore, the effect of 10~4 M cocaine was slow to reverse. It was thus studied either last in a series of two or three solutions or first in a series of two, with the other member of the pair consisting of artificial CSF alone. The effects of cocaine concentrations < 10~4 M were reversible during the 30-minute flushing period.
In separate experiments, we evaluated the effects of pretreatment with the /J-adrenergic blocker, propranolol, at 1 mg/kg i.v. We anesthetized and prepared the cats as described above. Baseline (control) arteriolar diameters were measured, and propranolol was given. The measurements were repeated, and 1 hour after propranolol administration the measurements were repeated again. Cocaine (10~4 M) was then infused into the window. After 30 minutes the final measurements were made.
Mean arterial blood pressure was recorded with each measurement of each vessel. The pH, Pco 2 , and Po 2 of blood and the artificial CSF were measured with each series of vascular measurements. Glucose concentration was estimated with Dextrostix (Ames, Elkhart, Ind.).
Arterioles were divided into large (>100 /xm) or small (<100 fim) subgroups on the basis of initial diameter measurements. Statistical analysis was done using t tests to test the changes in diameter and physiologic measurements. Values are presented as mean±SEM. Table 1 shows pial arteriolar diameters before and after the application of cocaine or artificial CSF. Average responses were first calculated for the 3-12 arterioles evaluated in each cat. Responses in Table  1 represent the mean of those averages. Degrees of freedom for statistical calculations were thus determined by the number of cats rather than by the number of arterioles. Large and small arterioles were evaluated separately.
Results
Significant changes in diameter were evident at cocaine concentrations of >10~6 M. The data are displayed as percentage changes in Figure 1 . No significant alterations in caliber were seen with arti- Blank -8 -7 -6 -5
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ficial CSF alone or with cocaine concentrations of 10" 8 or 10" 7 M. Large arterioles dilated at 10" 6 and 10~5 M and both large and small arterioles dilated at 1(T 4 M cocaine (Figure 1 ). These alterations could not be attributed to changes in mean arterial blood pressure, pH, or arterial blood gases (Table 2) . We considered the possibility that baseline mean arterial blood pressure might in some way determine the magnitude of the cocaine effect. However, standard regression analysis showed no significant correlation between pial arteriolar responses to cocaine and baseline values of mean arterial blood pressure.
Propranolol was used to explore the involvement of /3-adrenergic mechanisms in vasodilation. Intravenous propranolol (1 mg/kg) caused a significant decrease in heart rate but no significant change in arteriolar diameter. The dilator responses of both large and small arterioles to 10~4 M cocaine were blocked in cats pretreated with propranolol. Indeed, dilation in small arterioles was replaced by significant vasoconstriction (Table 3, Figure 1 ).
Discussion
Our experiments show that topically applied cocaine dilates pial arterioles in cats. Although we found no effect of concentrations below 10~6 M, large arterioles dilated at 1CT 6 and 10~5 M and all arterioles dilated at 10~4 M cocaine. Pretreatment with intravenous propranolol eliminated, and in small vessels reversed, the significant dilation induced by 10" 4 M cocaine. Changes in vascular caliber could not be attributed to alterations in mean arterial blood pressure or to changes in arterial pH, Paco 2 , or Pao 2 . Furthermore, we administered the solutions (artificial CSF with and without cocaine) in a blinded, semirandom fashion to minimize the possibility that the increasing response to higher concentrations of cocaine could be attributed to time, previous exposure to the drug, change in the level of general anesthesia, or investigator bias. Brain and CSF cocaine concentrations in the setting of human drug abuse are unknown, but they can be estimated from plasma levels. Plasma cocaine concentrations in humans after intravenous doses of 0.5 mg/kg or after smoking coca paste are approximately 10~6 M. 9 -10 Concentrations approaching 10~5 M occur in fatal intoxication. 16 Data in experimental animals and humans suggest that CSF concentrations would be roughly twice those in plasma, whereas concentrations in brain exceed those in plasma by almost an order of magnitude. 1617 These data suggest that the highest concentration employed in our study (10~4 M) would be approximately in the range anticipated for cocaine intoxication.
The circumstances of our study differ from the human situation in two major ways. First, the species is different. Data from other laboratories suggest that topical cocaine constricts cerebral vessels. 1112 The reason for the discrepancy between those data and our results is not clear, but pial vessel constriction was reported in rats. It is thus possible that responses vary among species. Second, the drug was administered topically rather than intravenously. Topical application evaluates the direct effect on cerebral resistance vessels in situ and avoids the confounding effect of cocaine-induced hypertension. Systemic hypertension would ordinarily be expected to be accompanied by autoregulatory vasoconstriction in pial vessels. 18 Whether such vasoconstriction would be impaired in the presence of cocaine awaits further study.
The effects of cocaine are complex, and it would have been difficult to predict the results of our experiments in advance. On one hand, topical cocaine might lead to vasoconstriction. This drug is a potent sympathomimetic that acts in a variety of ways, depending on the species and the particular vessel, to enhance the effect of catecholamines. In certain situations cocaine also appears to promote catecholamine release. 19 Since norepinephrine causes cat pial vessels to constrict, 20 -23 topical cocaine would be expected to result in vasoconstriction.
On the other hand, cocaine in anesthetic concentrations would be expected to be a vasodilator. 24 This effect appears at somewhat higher concentrations than those associated with catecholamine effects. Although depression of neural transmission begins at cocaine concentrations as low as 10~5 M, 25 -26 the reduction in vascular responsivity to norepinephrine does not appear until concentrations reach 10~3 M. 27 Against the hypothesis that vasodilation in our experiments was due to an anesthetic effect is the finding that dilation disappeared after pretreatment with propranolol. The mechanism by which propranolol acted is uncertain. It seems unlikely that the drug blocked beta receptors on the vessel itself. Vasodilatory beta receptors are present in cat cerebral arteries, 22 but alpha vasoconstrictor effects predominate. 2122 Thus, the net effect of vasoactive concentrations of catecholamines should have been vasoconstriction.
It is possible that propranolol blocked a cocaineinduced, /3-adrenergic-mediated increase in cerebral metabolism. Porrino et al 28 showed that glucose metabolism in the somatosensory cortex of conscious rats increases by 14% after 5 mg/kg i.v. cocaine. The mechanism of the increase has not been defined, but it is likely to be due to increased intrasynaptic monoamine concentrations 71928 ; increased central catecholamine levels in other settings are associated with increased cerebral metabolism and blood flow. 2930 Such effects should be blocked by propranolol. Propranolol lowers the cerebral metabolic rate in normal subjects The mechanism is thought to be blockade of the central catecholamine effect.
